Background and Purpose-Carotid intima-media thickness (IMT) is a marker of cardiovascular disease derived from ultrasound images of the carotid artery. In most outcome studies, human readers identify and trace the key IMT interfaces. We evaluate an alternate approach using automated edge detection. Methods-We studied a subset of 5640 participants with an average age 61.7 years (48% men) of the Multi-Ethnic Study of Atherosclerosis composed of whites, Chinese, Hispanic, and blacks that are part of the Multi-Ethnic Study of Atherosclerosis IMT progression study. Manual tracing IMT (mt-IMT) and edge-detected IMT (ed-IMT) measurements of the far wall of the common carotid artery served as outcome variables for multivariable linear regression models using Framingham cardiovascular risk factors and ethnicity as independent predictors. Results-Measurements of mt-IMT were obtainable in 99.9% (5633/5640) and measurements of ed-IMT were obtainable in 98.9% (5579/5640) of individuals. Average ed-IMT was 0.19 mm larger than mt-IMT. Inter-reader systematic differences (bias) in IMT measurements were apparent for mt-IMT but not ed-IMT. Based on complete data for 5538 individuals, associations of IMT with risk factors were stronger (PϽ0.0001) for mt-IMT (model r
procedure, weight Ͼ300 lb, pregnancy, or any medical conditions that would prevent long-term participation. Multi-Ethnic Study of Atherosclerosis protocols and all studies described herein have been approved by the Institutional Review Boards of all collaborating institutions. The participants studied underwent carotid artery imaging at the baseline visit.
Risk Factors and Anthropomorphic Variables
The risk factors used in this article are derived from the updated Framingham Risk Score as presented by D'Agostino et al: 15 age, gender, smoking and diabetes status, systolic blood pressure, and total and high-density lipoprotein cholesterol to which treatment of hypertension has been added.
Age, gender, ethnicity, and medical history were self-reported. Current smoking was defined as self-report of a cigarette in the past 30 days. Resting blood pressure was measured 3 times in the seated position using a Dinamap model Pro 100 automated oscillometric sphygmomanometer (Critikon). The average of the last 2 measurements was used in analyses.
Lipid levels were measured after a 12-hour fast. Diabetes mellitus was based on self-reported physician diagnosis, use of insulin and/or oral hypoglycemic agent, or fasting glucose Ն126 mg/dL. Total cholesterol was measured using a cholesterol oxidase method (Roche Diagnostics) and high-density lipoprotein after precipitation of non-high-density lipoprotein cholesterol with magnesium/dextran.
Carotid Artery Measures
Participants were examined supine with the head rotated 45 degrees toward the left side. Imaging was performed in the plane parallel to the neck with the jugular vein lying immediately above the common carotid artery (or at 45 degrees from the vertical if the internal jugular vein is not present). Images of the right common carotid artery were centered 10 to 15 mm below (caudad to) the right common carotid artery bulb. A matrix array probe (M12L; General Electric) was used, with the frequency set at 13 MHz, 2 focal zones, and with the frame rate set at 32 frames per second. A super-VHS videotape recording was then made for 20 seconds. Images were digitized at 30 frames per second and end-diastolic images (smallest diameter of the artery) were captured. Although the theoretical resolution of the ultrasound at 13 MHz is 0.07 mm, it might be as low as 0.24 mm, taking into consideration the number of cycles in the transmitted ultrasound pulses.
IMT was measured over a length of Ϸ10 mm, starting 5 mm to 10 mm below (caudad to) the right common carotid artery bulb and excluding any carotid artery plaque. Trained readers traced the key 2 interfaces to obtain manual tracings on 19-in monitors in a low-light environment. The readers activated the edge detector after completing their tracings (http://stroke.ahajournals.org). The edge detector did not use the location of the manually traced interfaces but operated on the same arterial segment. The edge detection algorithm weighed gradients between pixels and pixel density values through a dynamic programming process that minimizes cost functions. 11 The readers had the option of modifying the cost-function coefficients if the edge detector failed to track an interface. The readers were not given the option of tracing any start points or editing the line tracings. Manual-traced and edge-detected line tracings were processed by the same algorithm 16 to obtain mt-IMT and ed-IMT measurements.
Reproducibility was assessed by blinded replicate re-reads by 2 readers of a set of 114 studies (66 for one reader and 48 for a second reader) and both were compared to a third reader. The third reader had intrareader evaluation of reproducibility in a set of 18 individuals. The readers performed the measurements after blindly selecting images from the 20-second video loop.
Statistical Analyses
The mean (and standard deviation) values of continuous variables, mt-IMT and ed-IMT, are presented. The distribution of dichotomous variables is also shown as percentage in each group.
A Bland-Altman plot was generated for the paired mt-IMT and ed-IMT measurements. The mean differences and standard deviation between replicate mt-IMT and ed-IMT reading were computed for each reader combination. Analyses were performed using JMP 7.0.2 (SAS Institute, Cary, NC).
Multivariable regression models were fit with mt-IMT and ed-IMT as respective outcomes and the component risk factors of the Framingham Risk Score as predictors. Additionally, the models were adjusted for ethnicity. Regression coefficients and partial contributions to model r 2 were calculated for each predictor. Overall r 2 values were computed and compared using asymptotic testing procedure for correlated correlations. These analyses were performed using SAS 9.1 (Cary, NC) and PϽ0.05 was considered statistically significant.
Results
There were 5633 individuals with mt-IMT values (mean, 0.678Ϯ0.190 mm) as compared to 5579 with ed-IMT values (mean, 0.867Ϯ0.226 mm). We were able to obtain paired IMT values in 5574 individuals. Restricting the analyses to all individuals with complete risk factor data, there were 5538 individuals with a mean age of 61.9 years. Demographics are shown in Table 1 . The mean difference between measurements was Ϫ0.191Ϯ0.15 mm, with ed-IMT values being larger, as shown on a Bland-Altman plot ( Figure 1 ). Results of paired replicate studies (Table 2) show that the standard deviations of paired measurements between readers (variance) are lower for mt-IMT measurements than for ed-IMT measurements. Measurements made by different readers were similar when the edge detector was used, whereas differences between readers were apparent when manual tracings were used. These findings are displayed graphically in Figure 2A and 2B. Intrareader measurements showed a similar effect ( Table 2) . Based on the partial correlations, associations of mt-IMT with age, gender, total cholesterol, and smoking were qualitatively stronger than for ed-IMT. Diabetes and high-density lipoprotein cholesterol had qualitatively stronger associations with ed-IMT than mt-IMT.
Discussion
The ed-IMT measurements of the common carotid artery far wall can be consistently obtained in a large cross-sectional sample of the population. The ed-IMT measurements have strong associations with cardiovascular risk factors that are similar but slightly weaker than mt-IMT measurements. Contrary to previous publications, we have not found that ed-IMT measurements are more reproducible than manual measurements, 8, 11, [17] [18] [19] although we show that they decrease inter-reader differences.
Carotid IMT measurements have been proposed as a measure of cardiovascular risk and a means of possibly identifying individuals in need of pharmacotherapy or lifestyle interventions. 20 Edge detection offers the advantage of obtaining IMT measurements in a standardized fashion so that they can be compared against normative or calibrated values.
We show that IMT measurements made with an edge detector preserve key associations with cardiovascular risk factors (Table 3) while decreasing reader bias ( Table 2 ). As such, they could be substituted for manual-traced measurements generating normative data for IMT risk assessment.
We used an algorithm based on dynamic programming that resembles one developed by Wendelhag et al. 11 This algorithm processes data based on pixel intensity and gradients and is different than edge detector algorithms based on polynomial fitting of intensity curves perpendicular to interfaces or to algorithms using template matching. 21 The results presented in this article are specific to our implementation of a specific edge detector and do not apply to other edge detectors.
We were able to obtain automated IMT measurements in 99% (5574) of the 5633 individuals with mt-IMT values. Wendelhag et al 11 reported that readers manually identified a new start point for their edge detection process in 17% of cases. Our readers had the option to slightly alter the weighting factors used for edge detection. Preselected values were used in 93% of cases for the media-adventitia interface and in 83% of cases for the lumen-intima interface (http:// stroke.ahajournals.org). Despite these adjustments, Figure 1 shows outliers in individuals with low IMT values and when the algorithm failed (63 cases or 1.1% of individuals). We believe that this algorithm failure depends on the thickness of the media layer because the algorithm requires a minimum number of pixels between the lumen-intima and mediaadventitia interfaces. Increasing image size (scaling in pixels/ mm) could circumvent this limitation. We have included these 63 cases because they did not substantially alter our findings. By protocol, the same image was measured to reduce the variability inherent in image selection. This might bias our results in favor of manual tracings because selecting a different image might have improved edge detection, reduced variability, and increased the predictive value of risk factors.
Whereas edge detectors have been used in clinical trials, 6 associations between risk factors and ed-IMT measurements have not been studied. In our review of the literature, we have found studies with small groups of subjects in which the reproducibility of edge detector data were evaluated or in which ed-IMT values were compared to mt-IMT tracings. 8, 17, [22] [23] [24] [25] [26] These studies did not evaluate the associations of risk factors with common carotid IMT measurements.
The larger IMT values measured with the edge detector may be attributable to the mathematical process used to derive edges and the relative thickness of the intima and adventitia (Figure 3) . The mathematical location of these edges tends to be different than the line perceived by the human eye. For example, a human reader would tend to trace a line on the lumen-intima interface, whereas the edge detector would place the edge above this line and cause an overestimation of 0.056 to 0.11 mm (1 to 2 pixels at an image scale of 180 pixels/cm). The weighing function in our algorithm would also tend to "pull" the estimated interface toward the denser pixels in the adventitia, thereby further increasing the estimated IMT. The IMT differences between readers (Table 2) are 0.09 to 0.14 mm, which are lower than the difference between mt-IMT and ed-IMT values (0.19 mm). Mean ed-IMT values show lack of inter-reader differences (Figure 2A, B) . Contrary to previous studies, the variability of ed-IMT was slightly higher than for manual tracing. 8, 11 This may represent an image quality issue because we accepted images from 6 centers rather than from 1 laboratory. Our observations apply to this ultrasound device with its presets for image texture and scale. This may limit the general applicability of our observations.
Conclusions
We conclude that ed-IMT measurements can be substituted for mt-IMT measurements in cross-sectional IMT studies. As implemented, this specific edge detector gives IMT measurements comparable to mt-IMT measurements in a large multiethnic patient population. The ed-IMT values might be better-suited for cardiovascular risk assessment because they do not seem to have the significant inter-reader differences seen with mt-IMT measurements.
w5,2 is multiplied by a value derived from the gradient along the Y-axis at the point being evaluated. The value of w5,3 is multiplied by the square of the difference between the current point and the point immediately to the left of the image. The three expressions are evaluated for different values along the Y-axis and the point with the lowest value is selected as the most likely to represent the media-adventitia interface. The process is then repeated for the next point to the right until the right boundary is reached.
4. Media-adventitia: The location of interface 4 (media-adventitia) is determined in a similar fashion. The parameter w4,1 is multiplied by a value derived form the average the gray scale value for a predefined number of pixels above the point being evaluated. The parameter w4,2 is multiplied by a value derived from the gradient along the Y-axis at the point being evaluated. The value of w5,3 is multiplied by a composite variable derived from the difference between the current point and the point immediately to the left of the image as well as a corresponding set of points on interface 5. The dynamic algorithm then searches for the point above interface 5 that minimizes the cost-function for different Y-axis values. The same algorithm 2 is used for lines determine by manual tracing or edge detection.
Mean intima-media thickness (IMT) measurement of the far wall of the common carotid artery is performed according to a heuristic algorithm. The algorithm requires that the line corresponding to interface 5 be longer, both to the left and right, than the one for interface 4. It also assumes that line 5 is a straight line.
The algorithm then searches for the perpendicular to lines 4 and 5 at the edges and discards portions of line 5 on the right and left. The algorithm then sequentially searches for the minima between the two lines using the media-adventitia interface as an anchor line. The sets of minima are then used to calculate the mean IMT (averaged over the number of minima obtained). The implicit assumption is that the media-adventitia interface is a straight line. This assumption would not hold in the carotid artery bulb for example. 
